On 20 March 2015, a total solar eclipse occurred over 11.9°E), Svalbard, under ideal conditions with clear sky. The cycle of the radiation fluxes is comparable with other experiments during eclipses, with even the upward longwave radiation showing significant changes, with a delay to the shortwave radiation and a slowly linear increase after the totality. Also, under polar conditions, an increase of the wind velocity before and a decrease after the totality was found, which is an indicator of the generation of an "Eclipse cyclone". This change of the wind direction generated a local wind system with a near-surfacelayer katabatic flow. During the eclipse, a remarkably large sensible heat flux was observed. The turbulent fluxes were analysed using a wavelet technique with 1-minute time resolution, which is the ideal method for investigating these highly non-steady conditions. No influences on the boundary layer structure as measured with radiosondes were found, with the exception of a wind direction change during the eclipse cyclone below the shallow inversion layer.
Introduction
Solar eclipses are not only a special event for astronomers but also for meteorologists. Special meteorological campaigns during such events have been carried out for a long time (Anderson, 1999; Hinzpeter and Wörner, 1955) . Most of these investigations made measurements of the short-and long-wave radiation components, but in the last 20 years measurements of the turbulent fluxes of sensible and latent heat or even trace gas fluxes have also been included in such measuring programs (Ahrens et al., 2001; Aplin and Harrison, 2003; Behrens et al., 2016; Eaton et al., 1997; Fabian et al., 2001; Foken et al., 2001; Founda et al., 2007; Mauder et al., 2007; Nymphas et al., 2012; Satyaningsih et al., 2016) . Up to now, only one investigation of a total solar eclipse under conditions of high latitude, that of 23 November 2003 over Antarctica, has been published (Kameda et al., 2009 ). Such studies make it possible to investigate the interaction of radiation and turbulent fluxes and the relevant response times under the situation of a nearly abrupt change of the radiation fluxes. This is not possible during sun rise and sun set because of the slow change of the radiation. One other possibility is provided by abruptly changing cloudiness * Corresponding author: Thomas Foken, Am Herrgottsbaum 28, 96120 Bischberg, Germany, at high altitudes, such as on the Tibetan Plateau, with a nearly aerosol-free atmosphere.
A solar eclipse is like a laboratory experiment for response times of the energy fluxes and the interaction of these fluxes. The observed phenomena of an "eclipse cyclone" (Clayton, 1901) also offers the opportunity to study how changes of the energy input can generate changes in the pressure field.
At one of the most northerly research stations, at Ny-Ålesund (78.9°N, 11.9°E) on the archipelago of Svalbard (Uttal et al., 2016) , a total eclipse occurred on 20 March 2015, with the time of totality between 1009, 52 sec UTC and 1012, 11 sec UTC and a duration of the totality of 2 min 20 sec. The elevation of the sun above the horizon was about 10°at totality and about 11°at noon, and the land was fully covered with snow while the ocean was ice-free. The synoptic situation was optimal for studying the eclipse, with a cloud-free atmosphere under the influence of a high-pressure area over the Greenland Sea. Pressure was nearly constant (decrease of 3 hPa per 12 hours).
The Ny-Ålesund site is well equipped for such investigation due to the presence of a Baseline Surface Radiation Station (BSRN) since 1992 and two flux measuring stations, one near the BSRN station (Jocher et al., 2012) and one about 1.8 km away on a wet and undisturbed permafrost area (Westermann et al., 2009) , with both operating nearly continuously for about 5-10 years. The flux stations were equipped to measure net radiation. It was possible to investigate the radiation fluxes as well as the turbulent fluxes with a time resolution of one minute, to investigate response times with a high resolution in time. All of these measuring systems were operated by the Alfred Wegener Institute.
The special interest of solar eclipse measurements at high latitudes is the effect of a very high albedo. Therefore the absolute effect on the upward longwave radiation component and on the available energy at the surface should be low. This may reduce the effect on turbulent fluxes and possible circulation patterns that were found during eclipses in mid latitudes. Such investigations are important for weather and climate models, because in the frequently only weakly stable Arctic boundary layer, even small perturbations can have a strong impact on stability and boundary layer altitude.
The radiation data of the BSRN station during the total solar eclipse were already published by Maturilli and Ritter (2016a; 2016b) .
Material and methods

The Ny-Ålesund site
Ny-Ålesund is located at the south-west side of the Kongsfjorden, with the Zeppelin Mountain to the south and the Bayelva valley and Brøggerbreen glacier in a west to south-westerly direction (Fig. 1) . The common south-easterly near-surface atmospheric flow along the fjord axis (Beine et al., 2001; Maturilli et al., 2013 ) -coming from the Kongsvegen glacier -is, during periods with low wind speeds, interrupted by the katabatic flow from the glaciers located to the south, and under strong synoptic forcing, by flow from the ocean north-west of the site (Jocher et al., 2012) .
The locations of the measurement sites used in this study are given in Fig. 2 , with the BSRN station south of the observatory at Ny-Ålesund and the Ny-Ålesund eddy-covariance station a further 300 m to the southwest. The Bayelva eddy-covariance station is about 1.8 km westward of the other sites.
Polar day and polar night conditions are from 18 April to 24 August and from 24 October to 18 February, respectively. On 20 March, the diurnal cycle is characterized by regular day and night-time conditions, with the sun above the horizon for about 12 hours. The solar eclipse occurred at 1011 UTC, when the sun was above the mountains, allowing observations of the partial and total solar eclipse phases. About 15 minutes after the end of the eclipse, the BSRN station was in the shadow of the Zeppelin Mountain, while the eddy-covariance station Ny-Ålesund (NA-EC) was already in the shadow of the mountain about 30 minutes after totality and the Bayelva eddy-covariance station (BA-EC) was in shadow up to the totality. 
Radiation measurements
The downward radiation components and the upward longwave radiation during the eclipse phase were measured at the BSRN site and, according to quality-control factors, independent measurements were made of direct and diffuse radiation in addition to the global radiation. The direct radiation was measured by a Kipp & Zonen CHP1 pyrheliometer on a Schulz & Partner solar tracker shared with the diffuse radiation measurement by a ball-shaded Kipp & Zonen CMP22. Global and reflected radiation was also detected by CMP22 instruments, while upward and downward longwave radiation components were obtained by Eppley PIR pyrgeometers . The direct radiation was normalized to the horizontal plane. The ground beneath the radiation instrumentation setup was also snow-covered, with a snow layer of about 30 cm height as measured by a Jenoptik snow depth sensor. As low solar elevation angles limit the reliability of the albedo retrieval, the albedo value of 0.7 (error 6 %) was found for the end of the eclipse, with the highest solar elevation of nearly 11°. The longwave radiation measurements were temperature-corrected with three internal temperature sensors that confirmed the radiative cooling and indicated that the decrease in upward longwave radiation was not caused by changes in air temperature due to advection.
Radiation measurements at both eddy-covariance sites were made with a CNR4 Kipp and Zonen four component net radiometer (Ny-Ålesund EC site) and a NR01 Hukseflux four component net radiometer (Bayelva EC site).
The radiation measurements and all other meteorological parameters (temperature, wind etc.) were sampled with 2 s time interval.
Turbulence measurements
The turbulence measurements were made according to the recent recommendations for eddy-covariance measurements (Aubinet et al., 2012) . Both sites were equipped with sonic anemometers CSAT3 (Campbell Sci. Inc.) and open path gas analysers 7500A (LI-COR Biosciences). Due to an additional mounted IRGASON (Campbell Sci. Inc.) we could minimize wind flow disturbance at the EC-NA system even for westerly winds, which occurred during totality. All necessary corrections and data quality tests (Foken et al., 2012) were applied in accordance with the software package TK3 (Mauder and Foken, 2015a; 2015b) , which is comparable with other available packages (Fratini and Mauder, 2014; Mauder et al., 2008) . The moisture-dependent corrections were not relevant due to the low air temperature (below −15°C) and the corresponding low absolute humidity. Therefore, the latent heat flux was always below the detection limit. The measuring heights were 2.1 m for the Ny-Ålesund EC site and 2.75 m for the Bayelva EC site. A solar eclipse event is highly non-steady state. Under these conditions the eddy-covariance method fails all quality criteria (Foken and Wichura, 1996) and the calculated flux is questionable. The wavelet analysis offers a possibility for calculating the turbulent flux from the spectrum of the wavelet coefficients, even under these conditions (Collineau and Brunet, 1993b; Handorf and Foken, 1997; Katul and Parlange, 1995; Treviño and Andreas, 1996) . For steady state conditions, the wavelet and eddy-covariance methods are in very good agreement (Schaller et al., 2017) . For the first time, this method was applied to calculate fluxes during a solar eclipse. This method offers the possibility of determining exact fluxes with a time resolution of about 1 minute, as with the radiation measurements. We applied the recently published calculation tool presented by Schaller et al. (2017) with a continuous wavelet transform with the Mexican hat wavelet, which provides an excellent resolution in the time domain. The flux can be calculated with the power spectra of the wavelet coefficient for a given time interval -in our case 1 minute. Thus it allows an exact localization of single events in time (Collineau and Brunet, 1993a) . For more details see the given reference.
Radiosonde measurements
Before the partial eclipse (0839 UTC), during the total eclipse (1010 UTC), and after (1114 UTC) the partial eclipse, three Vaisala RS92 radiosondes were launched from Ny-Ålesund with an ascent rate of 5 ms −1 . The Ny-Ålesund radiosonde programme is certified by the Global Climate Observing Systems (GCOS) Reference Upper-Air Network (GRUAN), providing radiosonde data in reference quality. The radiosonde launched at 1114 UTC has therefore been processed by GRUAN, and the data are available with quantitative uncertainty values for every measurement point (Sommer et al., 2012) . The air temperature profiles in the lowermost 300 m show a surface-based inversion below 100 m altitude and stable conditions in the atmospheric boundary layer. Within the typical error band, no air temperature changes during the eclipse could be detected. The profiles were presented by Maturilli and Ritter (2016b) . With acceptance of the large error, some results of the wind direction are shown in Section 3.2.
Results and discussion
Radiation and temperature
Because of the cloud-free clear sky and the low aerosol density, the short wave radiation components show an ideal cycle of a solar eclipse (Fig. 3) . The aerosol optical depth at a wavelength of 500 nm had a maximum of 0.07 derived by photometer SP1A (Schulz & Partner, Buckow, Germany), which is lower than the monthly average for March at Ny-Ålesund (Tomasi et al., 2015) . About two thirds of the global radiation is direct incoming solar radiation. The diffuse radiation at the beginning and the end is nearly the only contribution to the global radiation, when the site was in the shadow of the Zeppelin Mountain, which indicates the low aerosol concentration. Besides the lower quality classes of the sensors at the eddy-covariance sites, the global radiation is comparable with the BSRN station (Fig. 3) and can be used for the further discussion. The shortwave upward radiation follows the cycle of the downward radiation (not shown). The solar elevation was too low for an exact determination of the albedo (see Section 2.2).
The ratio of the longwave radiation components is an indicator for the clear sky (Fig. 4) . The longwave upward radiation is, to a large extent, driven by surface temperature and follows -with a delay -the shortwave radiation. After the totality, the increase of the longwave upward radiation goes much slower, with a linear increase, than the increase of the shortwave radiation. This kind of hysteresis was also found during other total eclipses ). The surface temperature was calculated with the Stefan-Boltzmann law for a grey body with emissivity of 0.985 from outgoing longwave radiation measurement and follows the longwave radiation exactly. The air temperature at 2.0 m and the surface temperature follow, with a short delay, the shortwave and net radiation. The air temperature increase after the totality is much faster than the surface temperature and follows the increase of the radiation. The high air temperature fluctuations of the air temperature shortly before the totality are discussed in Section 3.2. A time shift of several minutes between the totality and the minimum in air temperature (Anderson, 1999; Eaton et al., 1997; Foken et al., 2001; Founda et al., 2007) could not be found. The net radiation is strongly related to the incoming short wave radiation. Due to the higher upward than downward longwave radiation, there is a radiative energy flux of −63 Wm −2 from the surface to the atmosphere during the totality. Table 1 compares the two experiments during a solar eclipse at high latitudes (Kameda et al., 2009 , and this study). The eclipse in Antarctica was about one month before the solar maximum while the eclipse at Svalbard was exactly at the spring equinox. Both eclipses occurred shortly before noon. Therefore, the incoming shortwave radiation was about 100 Wm −2 higher in Antarctica, but the air temperature was much lower due to the location of the Dome Fuji station on the Antarctic Plateau (3810 m a.s.l.). Due to the low air temperature at this altitude in comparison to the air temperature at NyÅlesund, the difference between the up-and downward longwave radiation, and therefore the net radiation, was lower.
Wind velocity
From several solar eclipse experiments is reported (Aplin and Harrison, 2003; Foken et al., 2001; Nymphas et al., 2012) that the wind velocity increases shortly before the totality and decreases with a minimum after the totality, with a remarkable change of the wind direction. The situation is comparable with the passage of a large cumulus or a cumulonimbus cloud and is known as an "Eclipse cyclone" (Clayton, 1901) . Such an eclipse cyclone has a diameter of approximately 2000 km and a high pressure area allows its generation. This phenomenon was investigated for the 11 August 1999 eclipse over Europe by Aplin and Harrison (2003) and Provod (2010) . The situation at Ny-Ålesund is more complex due to the changes between the typical fjord-parallel wind and the westerly katabatic wind from the glacier (see Section 2.1), but the optimal anticyclonal conditions were present.
The wind velocity and direction are shown in Fig. 6 . A katabatic wind from the south was present over the whole day, passing the Zeppelin Mountain. About 10 minutes before totality the wind velocity increased and the direction shifted about 45°westward, so that the katabatic wind then came from the Brøggerbreen glacier. About 10 minutes after the totality the wind velocity decreased and had a minimum about half an hour later. It is the typical picture seen during other eclipses ( Table 2) . The anticyclone over the Greenland Sea was the optimum background condition for its generation. The shift in the wind direction is probably larger due to orographic effects and relief-induced katabatic flows. The situation is in accordance with a pressure decrease before the totality and an increase after the totality of about 0.3 hPa.
While keeping in mind that the retrieval of wind direction from radiosondes while balloons are still in the first part of the ascent is subject to potentially large errors, we analysed the three soundings before and after the partial eclipse and within the totality; these are shown in Fig. 7 . The change of the wind direction during the totality (Fig. 6) is only visible below the inversion layer (Fig. 7) . After the eclipse, the wind direction at the ground turned again to the south (Fig. 6 and 7 , near the ground), while below the inversion there was still a zone 180°to 225°this study of westerly wind (Fig. 7) . Above the inversion, also visible in wind lidar measurements (not shown), no effect of the eclipse was found.
Turbulent fluxes
Turbulent fluxes were investigated during solar eclipses in the last 20 years (Behrens et al., 2016; Eaton et al., 1997; Foken et al., 2001; Kameda et al., 2009; Mauder et al., 2007; Nymphas et al., 2012) in addition to the classical radiation measurements. While a strong radiative forcing is usually closely correlated with the fluxes, with a time shift of only a few minutes, the situation under polar conditions is much more complicated. In the following, only some ideas are presented to explain the difficult situations. Only the sensible heat flux could be analysed, because the latent was -due to the low water vapour concentration -below the detection limit. The change of the wind field was more pronounced in the friction velocity than in the wind velocity. The friction velocity increased significantly at the beginning of the totality (Fig. 8a) and again shortly before the end of the partial eclipse, when the wind field returned to the situation before the partial eclipse. This effect was only seen at EC-NA and not at EC-BA, which was in the shadow of the Zeppelin Mountain during the whole eclipse.
During the eclipse, the net radiation flux was from the surface to the atmosphere (negative values in Fig. 5 ; usually the micrometeorological definition would be a positive flux) with a cooling at the surface. The sensible heat flux compensates for this energy loss and is downward orientated. In Fig. 8b it is shown with a negative sign according to the micrometeorological definition. The 5-minute averages, which have a low data quality due to the non-steady state conditions, nearly compensate for the net radiation. The wavelet fluxes with a high time resolution of 1 minute are much larger, but they correspond very well to the dynamical effect due to the increase of the friction velocity for a short time-period. Additional effects of advection cannot be excluded. But most of the time, the sensible heat flux was nearly zero, within the detection limit (Mauder et al., 2006) .
The air temperature profile indicates the same direction of the sensible heat flux (Fig. 9) . Additionally, the surface temperature was calculated with the Stefan-Boltzmann law for a grey body with emissivity of 0.985 from outgoing longwave radiation measurement (Kipp & Zonen CNR4). The near-surface layer is well mixed until shortly after the totality, because identical air temperature differences between 0.5 m and 1 m, as well as between 1 m und 2 m, are a criterion for the classical log-lin-temperature profile. With decreasing wind velocity and also friction velocity, the lower layer of 0.5 m and below no longer follows the upper layer (> 1 m), which is a criterion for a decoupling near the surface. Such decoupling situations between the surface and the air layers a few decimeters above the surface were well investigated for Ny-Ålesund (Lüers and Bareiss, 2010) and also known for Antarctica (Sodemann and Foken, 2005) . A cooling started when the EC-NA station was in the shadow of the Zeppelin Mountain at 1050. Together with the increasing wind velocity, the air temperature dropped nearly 3 degrees, probably due to a stronger katabatic flow. This situation is combined with a strong positive sensible heat flux, which can only be explained by advection of warm air after the situation of decoupling. Furthermore, after the eclipse at 1140 such a situation was again observed. A similarly atypical situation was also found by Kameda et al. (2009) for the solar eclipse in Antarctica using a simple bulk approach.
Because the Bayelva site was in the shadow of the Zeppelin Mountain up to the totality and was further- more in a wind shadow, no significant sensible heat fluxes could be detected.
Conclusions
The opportunity to investigate turbulent and radiative fluxes during a total solar eclipse in polar regions on 20 March 2015 at Ny-Ålesund, Svalbard, was ideal due to a cloud-free, clear sky. This was the second time that turbulent fluxes were measured under these conditions. The research site was highly equipped with meteorological instrumentation, so that a combined radiation and turbulence experiment could be realized. Despite the high albedo of 0.7 over the snow-covered surface, all radiation fluxes provided a picture comparable with other eclipses. Even the change in the upward longwave radiation was similar, with a time lag between the beginning of the partial eclipse and the decrease of the radiation and a slow, nearly linear, increase after the totality.
The increase of the wind velocity before the totality and the decrease after the totality -compared with a pressure decrease and increase before and after the totality, respectively -was a clear indication of the eclipse cyclone. This is quite interesting because of the low radiation forcing (in comparison with mid-latitude eclipses) and the strong forcing by the air temperature difference between the open ocean and the snow and ice covered land (compare with Fig. 1 ). Due to the orography, the change in the wind direction of 45°was much larger than for other experiments, with the generation of a katabatic flow and significant influences on air temperature and turbulent fluxes, which did not follow typical conditions during eclipses.
During the totality, the averaged sensible heat flux nearly compensated for the energy loss at the surface due to longwave cooling, but due to a dynamic effect one-minute sensible heat fluxes were much larger, which was probably connected to advection. In general, the turbulent fluxes showed a very complex picture, with well-mixed situations and periods with decoupling of the layer nearest to the surface and higher layers. Such decoupling situations must be taken into account in the cases of stable stratification, low wind conditions and low radiation forcing. Even small changes of the wind flow are related to significant changes in the energy fluxes and this makes the study -and also the modelling -of polar meteorological situations so complex and sensitive. The measurements obtained during the solar eclipses underline this statement. The successful application of the wavelet method for calculation of turbulent fluxes offers the possibility of also applying this tool for other situations with non-steady state fluxes, which are typical under polar conditions.
